Abstract: This paper describes the use of the Chinese Gaofen-1 (GF-1) satellite imagery to 21 automatically extract tertiary Linear Archaeological Traces of Tuntian Irrigation Canals (LATTICs) 22 located in the Miran site. The site is adjacent to the ancient Loulan Kingdom at the eastern margin 23 of the Taklimakan Desert in western China. GF-1 data was processed following atmospheric and 24 geometric correction, and spectral analyses were carried out for multispectral data. The low values 25 produced by SSI indicate that it is difficult to distinguish buried tertiary LATTICs from similar 26 backgrounds using spectral signatures. Thus, based on the textual characteristics of 27 high-resolutionGF-1 panchromatic data, this paper proposes an automatic approach that combines 28 joint morphological bottom and hat transformation with a Canny edge operator. The operator was 29 improved by adding stages of geometric filtering and gradient vector direction analysis. Finally, 30 the detected edges of tertiary LATTICs were extracted using the GIS-based draw tool and 31 converted into shapefiles for archaeological mapping within a GIS environment. The proposed 32 
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Dunhuang, running west to east [3] . 170
The artifacts and remains found in Miran site demonstrate the extensive and sophisticated 171 trade and cultural communications and connections these ancient towns had with places as far 172 away as the Mediterranean Sea [8] . Archaeological evidence from Miran site shows the influence of 173
Buddhism on artistic work as early as the first century BC [47] . Early Buddhist sculptures and 174 murals excavated from the site show stylistic similarities to the traditions of Central Asia and North 175
India [48] and other artistic aspects of the paintings found there suggest that Miran had a direct 176 connection with Rome and its provinces [49] . 177 
Remote sensing data 183
Gaofen (GF) images, acquired by the GF-1 satellite, were obtained from the China Centre for 184
Resource Satellite Data and Applications.GF-1 is equipped with two panchromatic (PAN) 185 multispectral (MS) cameras (Table1), which can generate2-mPAN data and 8-m MS data across the 186 same 60-km swath. Because Chinese GF-1 data have a VHR, they are ideal sources for extracting the 187
LATTICs found at the Miran site. The GF-1 data used in this study were acquired on 18September, 188 2014, at 5:22:54 UTC. 189
In this study, a large number of shadow pixels (shadow marks) were present in the original 190 GF-1 image due to the low solar elevation angle in satellite imagery. The shadow marks from Miran 191
LATTICs could be seen in the micro topographic relief and were made visible by shadowing [3, 19] . 192
The micro topographic relief was caused by buried aeolian sand deposits and gravel formed by 193 alluvial fans from the Miran River. The shadows provided insight into the profile and relative 194 height of targets and made identification easier. Furthermore, they were the main factors for 195 automatic extraction of tertiary LATTICs. 196 Table 1 . Characteristics of GF-1PMS data. are four types of TICs, which in our previous study [3] were labeled trunk, primary, secondary and 205 tertiary. The trunk TIC was a "diverter" canal that conveyed water from the perennial or seasonal 206 river to the primary canal. The primary TICs, which were similar to the central arteries of the 207 human body, were used to distribute water from the trunk TICs. Secondary TICs, which were 208 8 of 22 branches of the primary TICs, were built to assist the distribution of water from the primary TICs to 209 the hinterland of the tuntian farmland area. The tertiary TICs were "feeder" canals [3, 35] 
Methods 219

Data pre-processing 220
A flowchart describing the procedure used in this study is shown in Figure 4 . The GF-1 MS 221 and PAN images were first orthorectificated before atmospheric correction was carried out. 222
Subsequently, the GF-1 images were atmospherically corrected in order to minimize the 223 interference due to signal attenuation caused by atmospheric constituents, which affects the ability 224 to use the imagery to generate the Spectral Separability Index (SSI). The atmospheric correction was 225 carried out using FLAASH, which is included in ENVI5.1 [50] . Lastly, the GF-1images were 226 geometrically corrected using ten ground control points acquired using a hand-held portable DGPS 227 system [51] with a horizontal accuracy better than 1 m (equal to 0.5 pixel). This yielded an average 228 root mean square error of less than 0.4 pixels. 229 9 of 22
Spectral separability analysis 230
In this study, we adopted the spectral separability index (SSI) [43] , or the M-statistic, to assess 231 the separability of archaeological classes (e.g., LATTICs, fort, monastery, and stupas)and the 232 background alluvial fan in the Miran site. SSI was calculated for all channels and the channel ratio 233 was calculated for each archaeological class. SSI was also calculated for the alluvial fan to determine 234 which of the original channels and channel ratios (spectral indices) provided the best discrimination 235 between LATTICs and other classes. This statistical method provides a measure of class separation; 236 the equation is given as follows [52] : 237 
Mathematical morphologybased image enhancement 250
The fundamental operators in mathematical morphology are erosion and dilation [54] . When 251 the erosion is followed by dilation it is known as morphological opening, which is mathematically 252 denoted by Equation (2): 253
where g is the original image, s denotes the structural elements, and Θ and⊕represent the 255 morphological erosion and dilation operations, respectively. 256
In contrast, when the dilation is followed by erosion, the process is known as morphological 257 opening, which is mathematically denoted by Equation (3): 258
The top-hat transformation is defined as the difference between the original image and the 260 opening image, as expressed by Equation (4): 261
Similarly, the bottom-hat transformation is defined as the difference between the closing image 263 and the original image. The relevant expression is given as Equation (5): 264 These two transformations can be used in combination to produce the effect of image 266 enhancement for the foreground together with further stretching of the background gray levels. It 267 also has the effect of highlighting the objects of interest and their details [55] . 268
In this study, we proposed a joint morphological transformation approach to improve the 269 enhancement quality of the GF-1 imagery. The GF-1 data were enhanced by adding the original 270 image to the image that had the top-hat transformation applied to it and then subtracting the image 271 to which the bottom-hat transformation had been applied. This can be expressed as: 272
Improvededge detectionbasedon the Cannyoperator 274
In the imagery, edge points were defined as points with maximal strength in the direction of Gaussian function, as defined in Equation (7): 283
where  is the standard deviation that changes based on imagery. G is a Gaussian function and f is 285 an original input image function. Furthermore, the Canny operator uses the image gradient to 286 highlight regions with high spatial derivatives. The direction, n, of the local edge for the Canny 287 operator is estimated by Equation (8) for each pixel: 288
It then tracks along highlighted regions and suppresses any pixel that is not at the maximum 290 (non-maximum suppression) with the help of Equation (9): 291
Finally, the gradient array is further reduced by hysteresis using two (high and low) 293 thresholds. If the edge magnitude is below the low threshold, it is set to zero and made a non-edge. 294
The array is made an edge if the magnitude is above the high threshold. Lastly, if the magnitude is 295 between the two thresholds, then it is set to zero unless there is a path from pixel to a pixel with a 296 gradient above the high threshold. The edge magnitude is computed by Equation (10): 297 A large number of false edge segments were detected due to the presence of shadow pixels in 299 the original satellite image. Furthermore, the edges of shadows were detected and misjudged as 300
LATTICs. In this study, we improved the Canny operator by adding a stage of gradient vector 301 direction analysis to remove false detections. Generally, the angle between the gradient vector and 302 the direction of illumination was greater than 90°for true edges. In contrast, false edges had an angle 303 that was less than 90°between the gradient vector and illumination direction. Thus, the angle 304 between the gradient direction and the illumination direction could be used as the basis for 305 removing false edges. The angles were transformed into the threshold, ρ, given by Equation (11): 306
where g and n represent the gradient vector and illumination direction vector in the image plane, 308 respectively. A value of ρ>0 indicates a false edge. 309
Mapping thetertiary LATTICs 310
The edges detected by tertiary LATTICs were retrieved using the GIS-based draw tool and 311 converted into shapefiles for archaeological mapping within the GIS environment. In this paper, we 312 used polylines to represent tertiary LATTICs. 313
Results and Discussion 314
Spectralseparabilityanalysisof LATTICs 315
The atmospheric correction approach produced a clear improvement in the spectral reflectance 316 within the area of the GF-1MS image ( Figure 5 ). Figure 6 shows the values of the SSI obtained for 317 LATTICs in the Miran area. 
324
Unfortunately, all calculated SSI values were lower than 1.0. This was caused by Miran 325 LATTICs, which have no distinctive spectral signature, being completely buried beneath layers of 326 aeolian sand deposits and gravels (Figure 5 b, c) . Thus, it was difficult to distinguish TICs from 327 background information using spectral classification. In these situations, we applied GF-1 PAN data 328 for detecting tertiary LATTICs based on their textural characteristics, which has been a crucial factor 329 in visual interpretation. 
Morphological enhancement 333
GF-1 PAN data are valuable resources for extracting the tertiary LATTICs based on textural 334 characteristics which take into consideration the distribution and variation of neighborhood pixel 335 value [3] . If the edges are extracted directly, tuntian canals in the background are difficult to detect, 336 due to the dark and bright backgrounds that exist in GF-1 PAN imagery (Figure 7a) . 337 338 
342
In this study, because the contrast between the tuntian canals and the background was small, 343 processing based on mathematical morphology was used to enhance the GF-1 PAN imagery before 344 edge detection was carried out. Figure 7a shows the original GF-1 PAN data and Figure 7b , Figure 7c  345 and Figure 7d show the top-hat, bottom-hat and top-hatbottom-hat transformation of this image, 346 respectively. In Figure 6bthe background has been suppressed and the edge information of the 347 targets enhanced. In Figure 6cthe foreground has been suppressed and the boundaries between 348 connected targets strengthened. In comparison with Figure 7a , in Figure 7d , the background has 349 been suppressed and the irrigation canals enhanced. 350
Automatic detection of tertiary LATTICs 351
The proposed approach for automatic detection and processing of GF-1PAN imagery at 352 experimental sites is discussed in this section. A comparison of the morphologically enhanced image 353 
364
Due to the presence of small sand dunes, a geometric filtering procedure was applied to remove 365 the non-interesting edges from the edges detected using the Canny operator. According to the 366 ground-truth statistics for the tertiary LATTICs, the length of a single canal is generally more than 20 367 16 of 22 m, i.e., more than 10 pixels, and the length of the linear sand dunes is often less than 10 m, i.e., less 368 than 5 pixels. Therefore, the length threshold for removing non-interesting targets and small linear 369 sand dune was set to 5 pixels (Figure 8c ). However, some canals probably have lengths of less than 5 370 pixels and these were, therefore, 'falsely' removed by this process. 371
In addition, the false edge segments could be distinguished from shadows due to the low solar 372 elevation angle (Figure 8c, d) . The directions of the gradient vectors for the false edges were opposite 373 to those for the true edges (Figure 8e) . Figure 8g and Figure 8h show the results of the edge detection 374 after length filtering and shadow edge removal. In contrast to Figure 8b , most of the non-interesting 375 targets have been removed. 376
Performance evaluation 377
Generally, automatic methods should improve the accuracy of extraction results and enable 378 greater data acquisition. It is important to use standard quality factors and rules to make an accurate 379 quantitative assessment. A quantitative evaluation of automatic extraction methods was necessary, 380 but proved to be difficult due to the complexity and subjective perceptions of the targeted 381 However, values were qualitatively evaluated on real archaeological images by comparison with 389 three other approaches from the perspective of archaeological interpretability. 390
The performance of our proposed method was semi-quantitatively evaluated by calculating the 391 ratio of the automatically extracted length to the manually extracted length for various LATTICs. 392
The total length of tertiary LATTICs derived from manual interpretation of experimental imagery 393 was 4,243 m. Our proposed method identified an extracted length of 4,002 m. The extraction 394 accuracy was near 94.32% and was found by comparing the ratio of the automatically extracted 395 length to the manually extracted length (4,002 m/4,243 m). The yellow lines in Figure 9a denote the 396 tertiary LATTICs that were extracted manually but which the proposed method failed to extract; 397 these total about241 m in length. The detected edges were draw out using GIS tools and converted 398 into shapefiles for archaeological mapping (Figure 9a-c) . Figure 9a-c shows a comparison between  399 the canals that were automatically extracted and manually extracted from the experimental image. 400 
432
The transfer of water from the Milan River and its distribution to farmland was a key aspect of 433 the tuntian system. Generally, areas along the banks of rivers would not be selected for farming in 434 the northwestern frontier areas of ancient China, especially in the snowmelt flood season. The only 435 way to avoid flooding was to build water conservation facilities to redistribute water from the rivers 436 and to cultivate farmland located away from rivers. According to historical records [2, 5] and 437 archaeological discoveries [58], the irrigation canal was a simple and practical water conservation 438 facility. It was widely used as part of a tuntian system not only in ancient Milan, but also in ancient 439 Dunhuang, Loulan, Qiemo, Yutian and Niya [59] . 440
Conclusions 441
The tuntian system is one of the most significant agricultural development projects in ancient 442
China's northwest frontier areas and has been studied widely not only because it offers us crucial 443 information on arid agriculture, the military, archaeology, climate change, and the 444 paleoenvironment, but also because it is regarded as a cultural symbol of the Silk Road and precious 445 irrigation heritage. This paper proposed an automatic approach to support the extraction of tertiary 446
LATTICs from GF-1 VHR PAN data in the Miran site in northwestern China. In general, the tuntian 447 The tuntian system has had far-reaching effects, not only for ancient China, but also for the 455 overall economy and geopolitics of modern China. Based on historical Chinese books [2, 5] and 456 archaeological investigations [6] [7] [8] , archaeologists believe that the Miran tuntian system was 457 continuously used from the Han Dynasty to the Tang Dynasty. The 14 C ages for samples from Miran 458 sites fall within the range 1,450-1,900 cal. BP (about 50-500 AD) [12] , i.e., a span of ~500 years from 459 the Later Han Dynasty, through the Wei and Jin, to the Northern and Southern Dynasties. The 460 tuntian system at Miran site seems to have been mostly abandoned after the end of the Tang Dynasty 461 due to invasion by the desert, climate change and the wars between the Tang Empire and the 462 Kingdom of Tibet. New China restarted the tuntian strategy in 1950, in order to increase food 463 production and maintain stability in Xinjiang. Barren land was again reclaimed by the Xinjiang 464
Production and Construction Corps (XPCC) and hundreds of new irrigated oases together with 465 dozens of modern cities and towns were established along ancient routes of the Silk Road. Miran 466 was one of the most important pilot areas in this special campaign. In making its great contribution 467 to modern Xinjiang, the XPCC also ensured the continuity of the ancient tuntian system. 468
The mechanism of water distribution and the agricultural-military outputs of the tuntian system 469 are essential information for understanding the ancient tuntian landscape. It is also important to 470 understand the topographical parameters for the location of branches and nodes in irrigation canals. 471
